Neveux I, Doe J, Leblanc N, Valencik ML. Influence of the extracellular matrix and integrins on volume-sensitive osmolyte anion channels in C2C12 myoblasts. Am J Physiol Cell Physiol 298: C1006-C1017, 2010. First published February 17, 2010 doi:10.1152/ajpcell.00359.2009.-The purpose of this study was to determine whether extracellular matrix (ECM) composition through integrin receptors modulated the volumesensitive osmolyte anion channels (VSOACs) in skeletal musclederived C2C12 cells. Cl Ϫ currents were recorded in whole cell voltage-clamped cells grown on laminin (LM), fibronectin (FN), or in the absence of a defined ECM (NM). Basal membrane currents recorded in isotonic media (300 mosmol/kg) were larger in cells grown on FN (3.8-fold at ϩ100 mV) or LM (8.8-fold at ϩ100 mV) when compared with NM. VSOAC currents activated by cell exposure to hypotonic solution were larger in cells grown on LM (1.72-fold at ϩ100 mV) or FN (1.75-fold at ϩ100 mV) compared with NM. Additionally, the kinetics of VSOAC activation was Ϸ27% quicker on FN and LM. These currents were tamoxifen sensitive, displayed outward rectification, reversed at the equilibrium potential of Cl Ϫ and inactivated at potentials Ͼϩ60 mV. Specific knockdown of ␤ 1-integrin by short hairpin RNA interference strongly inhibited the VSOAC Cl Ϫ currents in cells plated on FN. In conclusion, ECM composition and integrins profoundly influence the biophysical properties and mechanisms of onset of VSOACs.
THE MECHANISMS THAT LINK CELL swelling to activation of volume-sensitive osmolyte anion Cl Ϫ channels (VSOACs) remain unknown even though a number of intracellular signaling pathways have been implicated (12, 16) . Activation of these channels is believed to be involved in cell volume homeostasis since they may contribute to regulatory volume decreases (RVD) in response to cell swelling (12, 15, 21) . The actual stimulus for channel activation may involve mechanical stretch of the membrane or cortical actin cytoskeleton, rather than cell volume changes per se, and thus these channels might be mechanosensitive. However, despite numerous attempts, direct evidence supporting the hypothesis that VSOACs may represent a new class of mechanosensitive anion channels has been lacking. Recently, new studies have resurrected the mechanosensitive hypothesis by providing convincing evidence that mechanical stretch of ␤ 1 -integrin receptors can activate anion channels. Specifically, an elegant study by Browe and Baumgarten (7) has documented the activation of stretch-activated anion channels (SAC) by mechanical stimulation of the ␤ 1 -integrin (see details below) on rabbit ventricular myocytes. This integrin-mediated SAC current shared many properties with VSOACs: 1) a reversal potential near the equilibrium potential of Cl Ϫ , 2) partial inactivation at potentials Ͼ ϩ10 mV, 3) a time course of activation that was similar to that of VSOACs evoked by cell swelling, 4) sensitivity to block by tamoxifen (TMX; 10 M), and 5) sensitivity to the PTK inhibitor genistein and to the Src and focal adhesion kinase (FAK) inhibitor PP2. Subsequent work showed that the ␤ 1 -integrin-mediated activation of SAC involves a paracrine/ autocrine stimulation of type 1 angiotensin receptor (AT 1 R) by angiotensin II (AII) that is locally released by the myocytes during stretch (5) . In addition, AT 1 R-induced stimulation of SAC involves a redox pathway implicating NADPH oxidase and formation of superoxide anion and H 2 O 2 . The nature of the integrin receptor(s) and their extracellular matrix (ECM) ligands along with the molecular identity of the anion channel activated remain undefined.
Mechanical stress of myocytes, mediated by the extracellular matrix and intracellular cytoskeleton, is an important determinant of muscle mechanics. In striated myocytes, integrins are localized to costameres at Z-discs where they contribute to the structural integrity of the muscle and are well positioned to sense mechanical stress generated by muscle contraction (3, 14, 28) . At this site, integrin receptors link the ECM to the force generating actin-myosin cytoskeleton via a number of cytoplasmic proteins (35) . In nonmuscle cells, integrins have been shown to function as mechanotransducers (22) . In myocytes, integrins are proposed to function as bidirectional transducers of both mechanical and molecular signals between the ECM and the cytoplasm. This mechanotransduction regulates the activation of signaling pathways that alter myocyte gene expression and cytoskeletal reorganization (22) . Therefore, integrins are ideal candidates for the role of mechanotransducers in myocytes.
Integrins are heterodimeric ␣/␤-glycoprotein receptors. The pairing of specific ␣-and ␤-integrin subunits dictate the ECM proteins the cell can adhere to on activation (27) . Two of the integrin receptors expressed on skeletal myocytes are ␣ 7 ␤ 1 -and ␣ 5 ␤ 1 -integrin (8) . Aside from playing a structural role, integrins can modulate cell behavior and growth through the induction of intracellular signaling pathways (18) . The influence of ECM composition on myoblast phenotype is well documented (25) . Attachment of myoblasts to fibronectin (FN) through the ␣ 5 ␤ 1 -integrin promotes proliferation while attachment to laminin (LM) through the ␣ 7 ␤ 1 -integrin promotes differentiation (4) . Accordingly, the LM receptor, ␣ 7 ␤ 1 -integrin, must signal in a manner distinct from the FN receptor, ␣ 5 ␤ 1 -integrin. Therefore, it is important to determine whether VSOAC activation is dependent on ECM composition and/or integrin receptor subtype.
Little work has been done to determine whether the composition of the ECM to which the integrins bind influences the activation of VSOACs. This study sought to better understand the pathway(s) by which integrins regulate VSOAC activation and/or RVD in myocytes. Specifically, we examined whether myoblast attachment to different ECM proteins differentially regulated Cl Ϫ channel activation and whether channel activation could be blocked in the absence of integrin attachment.
MATERIALS AND METHODS
Cell culture and reagents. C2C12 mouse myoblasts were cultured in DMEM ϩ 4.5 g/l D-glucose, L-glutamine, 110 mg/l sodium pyruvate, 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin at 37°C in 5% CO 2. Glass coverslips were coated with 10 g/ml human fibronectin [gift from Dr. John A. McDonald, University of Nevada School of Medicine (UNSOM)] or mouse laminin (Invitrogen) for 20 min.
Lentiviral transduction. On day 1, 1.6 ϫ 10 4 C2C12 myoblasts (American Type Culture Collection, Rockville, MD) were seeded on a 100-mm plate and grown at 37°C 5% CO 2. On day 2, lentiviral particles (TRCN0000066643, TRCN0000066644, TRCN0000066645, TRCN0000066646, or SHC002V) that contained short hairpin RNA interference (shRNAi) specific to ␤ 1-integrin or a nontarget sequence (Sigma-Aldrich, St. Louis, MO) were applied at a multiplicity of infection of 25, and 8 g/ml polybrene (Sigma-Aldrich) was added. On day 3, the media were replaced with fresh complete media. On day 4, puromycin at 1.5 g/ml (Sigma) was added. Selection pressure was maintained for 10 -12 days until single colonies were formed and cloned.
Protein extraction. Cells were scraped, homogenized in TNET (50 mM Tris·HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, and 0.5% Triton X-100) containing 1ϫ protease inhibitor cocktail (Sigma), sonicated (10 s), and centrifuged (13,000 rpm, 10 min, 4°C). Protein concentration in supernatant was determined with BCA Protein Assay Kit (Pierce, Rockford, IL).
Immunoblot analysis. Immunoblot analysis was performed as described previously (29) . Specifically, 10 -40 g protein extract/gel lane was electrophoresed on a 4 -12% NuPAGE Bis-Tris gradient gel (Invitrogen, Carlsbad, CA) and transferred to Hybond-C Extra nitrocellulose membrane (Amersham, UK). Antibodies used included AB47 anti-␣ 5-integrin (gift from Dr. John A. McDonald), AB1952 (Millipore), or MC229 (gift from Dr. John A. McDonald) anti-␤1-integrin, and B2347 anti-␣7-integrin (gift from Dr. Dean Burkin, UNSOM). Un-Scan-It software (Silk Scientific) was used to analyze protein expression on the immunoblots.
Microscopy and immunofluorescent staining. A laser-scanning confocal microscope (Olympus FluoView 1000) was used to collect fluorescent images. Cells were fixed in 3.7% formaldehyde in phosphate-buffered saline for 10 min. Cells were permeabilized with 0.1% Triton X-100, blocked with 1% BSA, and then stained and incubated with FITC-phalloidin (1/40, Molecular Probes), 5 g/ml bis-benzamide and 9EG7 (1/20), a ␤ 1-integrin-specific antibody (gift of D. V. Weber, Max Planck Institute). Primary rat antibody was detected with biotinylated donkey anti-rat (Jackson ImmunoResearch Laboratories,) followed by an Alexa 594-streptavidin conjugate (Molecular Probes).
Electrophysiological methods. Proliferating C2C12 myoblasts were seeded on coverslips coated with FN, LM, or in the absence of matrix and allowed to grow in a CO 2 incubator (model Hera Cell 150, Thermo Scientific Heraeus, Waltham, MA) at 37°C for 12-16 h. Coverslips were set on the stage of an inverted IX-71 Olympus microscope (Center Valley, PA), and superfusion initiated with the isotonic solution described below at a rate of Ϸ1 ml/min. The cells were superfused for at least 5 min before any recording. Macroscopic currents were recorded at room temperature in the standard whole cell configuration mode of the patch-clamp technique using a patch-clamp amplifier (model PC-505B, Warner Instruments, Hamden, CT). Patch pipettes (Ϸ1 m in diameter; tip resistance was 2-4 M⍀ when immersed in the external isotonic solution described below) were pulled from borosilicate glass capillaries (Sutter Instrument, Novato, CA) with a Sutter P-57 puller (Sutter Instrument). Pipette and stray capacitances as well as series resistance were compensated for in all experiments. For most experiments, an Ag/AgCl pellet placed in the bathing chamber was used as the reference electrode. In all ion exchange experiments carried out to determine the relative permeability of the channels to iodide or aspartate relative to chloride, a 3M KCl agar bridge was used instead to minimize changes in junction potential associated with external replacement of Cl Ϫ with I Ϫ or Asp Ϫ . Voltage-clamp protocols were computer driven using Digidata 1320 series acquisition system and pCLAMP 9.2 (Molecular Devices, Sunnyvale, CA). Membrane currents were low-pass filtered at 1 kHz before being acquired at a sampling rate of 1 kHz. After gaining whole cell access, C2C12 cells were held at the standard holding potential (HP) Ϫ40 mV, and cell dialysis was allowed to proceed for at least 5 min before any voltage-clamp protocol was initiated. In most figures, current was expressed as current density (pA/pF) by dividing the measured current by the cell capacitance, which was estimated by integrating the mean of five consecutive capacitative current transients elicited by 20-ms test pulses from Ϫ50 to Ϫ60 mV (with Clampfit 9.2, Molecular Devices). Cell capacitance was calculated using the following equation: C ϭ Q/⌬V, where C is the whole cell capacitance (in pF), Q is the amount of charge transferred (in fC), and ⌬V is the magnitude of the voltage-clamp step.
The K ϩ -free pipette and external solutions were designed to minimize the activity of endogenous K ϩ channels by including cesium in the internal solution, and tetraethylammonium chloride (TEA) and barium chloride in the superfusate. The external isotonic and hypotonic solutions were made using a common base solution, which contained (in mM) 90 NaCl; 0.66 MgCl2; 1 CaCl2; 2 BaCl2; 10 TEA-Cl; 10 HEPES; and 5.5 glucose; pH was adjusted to 7.4 with NaOH. The osmolality of this solution was Ϸ220 mosmol/kgH2O as determined by a high precision osmometer (The Advanced Micro Osmometer, model 3300, Advanced Instruments, Norwood, MA). Mannitol was added to the base solution to make the isotonic solution with an osmolality of 300 mosmol/kgH2O. The pipette solution contained (in mM) 90 CsCl, 18.0 TEA-Cl, 5.0 HEPES, 5.0 MgATP, and 5.0 EGTA; pH was adjusted to 7.2 with CsOH. The osmolality of the pipette solution was similarly adjusted to 300 mosmol/kgH2O by adding mannitol. All solutions had identical ionic strength. For all anion exchange experiments, NaCl was replaced by an equimolar concentration of NaI or Na-aspartate (90 mM).
After seal rupture and measurement of cell capacitance, a constant step protocol was subsequently initiated to monitor current magnitude over ϳ5 min while the cell was superfused with the isotonic solution. This allowed for stabilization of membrane current during cell dialysis. For all voltage-clamp protocols, the cells were consistently held at a HP of Ϫ40 mV. The double-pulse protocol consisted of a 500-ms step to ϩ80 mV followed by a return step to Ϫ80 mV applied every 10 s. The same protocol was used to monitor the effects on membrane current of switching the external isotonic solution to the hypotonic solution, or to examine the effects of TMX on the VSOAC current elicited by hypotonic medium. Current-voltage (I-V) relationships were obtained by a single-pulse protocol consisting of 500-ms steps ranging from Ϫ100 to ϩ120 mV (10-mV increments at 0.05 Hz). Finally, reversal potential measurements of the VSOAC current in cells exposed to solutions of different anion compositions were carried out using a 2-s ramp protocol ranging from Ϫ100 to ϩ120 mV (110 mV/s) imposed at a frequency of one ramp every 10 s.
We used the following variant of the Goldman-Hodgkin-Katz equation to determine the relative anion permeability of the VSOAC current under bi-ionic conditions in which external Cl Ϫ was partially replaced by I Ϫ or aspartate Ϫ : TEA was directly added to the external solution in powder form, whereas TMX was prepared as a 10 mM stock solution in DMSO and kept in small aliquots at 4°C. Each aliquot was diluted in the external solution at a final concentration of 10 M immediately before the experiment. The final concentration of DMSO never exceeded 0.1%, a concentration that had no effect on the basal Cl Ϫ and VSOAC currents.
STATISTICAL ANALYSIS. Membrane currents were analyzed with Clampfit 9.2 (Molecular Devices) and Origin 8.0 (OriginLab). All pooled data are expressed as means Ϯ SE. Comparisons among multiple means were performed using one-way ANOVA with Bonferroni post hoc test. A P value of Ͻ 0.05 was considered to be statistically significant.
RESULTS
Influence of matrix proteins on C2C12 phenotype. ECM composition has a profound influence on myoblast phenotype. C2C12 cells grown on uncoated coverslips [i.e., no matrix (NM)], LM-coated, or FN-coated coverslips for 12 h displayed an altered distribution of ␤ 1 -integrin-containing focal adhesions and actin stress fibers. Figure 1 illustrates the diverse phenotypes observed. When plated on uncoated coverslips, 22.5% of cells (38/49) had short linear arrays of integrincontaining focal adhesions complexes. Many contained thin stress fibers but cells remained small and compact in shape (Fig. 1A) . In comparison, 83% of cells (39/47) grown on FN had organized integrin-containing focal adhesions and spread extensively (Fig. 1B) . In striking contrast, 100% of cells plated on LM (53/53) had prominent, well-developed, and organized integrin-containing, focal adhesions and spread in a manner similar to the FN-plated cells (Fig. 1C) . Additionally, cells plated on LM contained numerous thick stress fibers. All images were collected with identical camera settings and stained simultaneously. Immunoblot analysis demonstrated that C2C12 cells grown on uncoated tissue culture plates expressed all three integrin subunits examined in these studies, ␤ 1 -, ␣ 5 -, and ␣ 7 -integrin (Fig. 1D) .
Influence of matrix proteins on the properties of VSOAC currents. Whole cell macroscopic volume-sensitive osmolyte anion (VSOAC) currents recorded from C2C12 cells were elicited by reducing the osmolality of the K ϩ -free bathing solution from 300 to 220 mosmol/kgH 2 O. Figure 2 shows the results of two typical experiments, one from a cultured cell plated on coverslips in the absence of matrix (NM; Fig. 2A ) and the other plated on FN (Fig. 2B ). The two graphs in Fig. 2 , Aa and Ba, illustrate the time course of changes in membrane current density (HP ϭ Ϫ40 mV) measured at the end of 500-ms steps to ϩ80 mV (filled squares) and at the end of 500-ms return steps to Ϫ80 mV (open circles). The equilibrium potential for Cl Ϫ was purposely set to 0 mV to help visualize current rectification when stepping to ϩ80 and Ϫ80 mV. Figure 2 , Ab and Bb, depicts sample traces recorded in isotonic (top) and hypotonic (middle) solutions in response to the voltage-clamp protocol shown below. The timing of representative traces is indicated by the filled circle and filled triangles and reported in the corresponding graph. Basal membrane current in isotonic solution was very small after 5 min of cell dialysis for cells plated on NM (Fig. 2Ab) . In contrast, a small outwardly rectifying membrane current was clearly detectable in the cell plated on FN (Fig. 2Bb) . For both cells, switching the solution to hypotonic media at time ϭ 0 led to delayed activation of a current bearing properties consistent with VSOAC displaying outward rectification (Fig. 2 , Aa and Ba) and voltage-dependent inactivation at ϩ80 mV (Fig. 2 , Ab and Bb), especially the cell plated on FN. There were two notable differences between the two conditions: 1) the time required for activation of the current was significantly longer for the cell on NM versus FN; and 2) the magnitude of the hypotonicinduced current in the cell grown on FN was larger than NM. As indicated, the holding potential was set to Ϫ40 mV. A repetitive double-pulse protocol consisting of an initial 500-ms step to ϩ80 mV followed by a 500-ms repolarizing step to Ϫ80 mV was applied at a frequency of 0.1 Hz. The graphs in Aa and Ba plot current density measured at the end of each step to ϩ80 () and Ϫ80 mV (OE) as a function of time before and after exposure to hypotonic solution as indicated by the arrow above the plots. The filled circle and triangle in Ab and Bb indicate when the representative traces registered in isotonic and hypotonic solutions were recorded. Isotonic and hypotonic solutions were respectively set to 300 and 220 mosmol/kgH2O. C: bar graph summarizing the mean Ϯ SE half-maximal time for activation of the volume-sensitive osmolyte anion channel (VSOAC) current (T0.5) after switching from isotonic to hypotonic solutions for cells grown in the absence of matrix (NM), fibronectin (FN), or laminin (LM). One-way ANOVA revealed significant differences between the means (P Ͻ 0.05); n, number of cells.
We next sought to determine the voltage dependence of membrane currents recorded from C2C12 cells plated on NM, FN, or LM, in isotonic and hypotonic solutions. Figure 3 shows representative families of current traces for each condition elicited by the voltage-clamp protocol displayed at the bottom center. All current traces are expressed as current density in pA/pF. For each surface-coating condition, the currents recorded in isotonic and hypotonic media were recorded from the same cell. Currents registered in isotonic medium were very small in the absence of matrix (Fig. 3Aa) . However, plating the cells on FN led to the appearance of a basal conductance having signature features for VSOAC currents (Fig. 3Ba) . Such a basal conductance was also apparent and even accentuated in cells plated on LM ( Fig. 3Ca ; note the different size of the calibration bar). Typical VSOAC-like currents were evoked by the hypotonic solution. Similar to the currents recorded with the isotonic solution, the magnitude of the elicited currents was much larger in cells plated on FN or LM (Fig. 3 , Bb and Cb) versus NM (Fig. 3Ab) . Figure 4 shows pooled data for similar experiments to those described in Fig. 3 . The graphs display the mean I-V relationships (HP ϭ Ϫ40 mV) for the early instantaneous current (early; Fig. 4, A and C) or late (late; Fig. 3 . Typical families of membrane current recorded in isotonic and hypotonic conditions from C2C12 myoblasts grown in the absence or presence of ECM proteins. All families of membrane current were evoked by the protocol shown at bottom, which consisted of 500-ms steps ranging from Ϫ100 to ϩ120 mV applied in 10-mV increments from a holding potential of Ϫ40 mV. A-C: membrane currents recorded expressed as current density in pA/pF from cells plated on NM, FN, or LM, respectively. Within each panel (A, B, or C) , isotonic (a) and hypotonic (b) traces were obtained in the same cell after a new steady state was detected. All traces shown are representative of mean Ϯ SD data presented in Fig. 4 . Fig. 4 , B and D) current measured at the beginning or the end of 500-ms steps, respectively, which ranged from Ϫ100 to ϩ120 mV in 10-mV increments. For a proper comparison, the I-V relationships recorded from cells plated on NM, FN, or LM were generated only in cells exposed to both isotonic (Fig. 4, A and B) and hypotonic (Fig. 4, C and D) solutions. Currents recorded from all conditions reversed near the predicted equilibrium potential for Cl Ϫ , suggesting that this anion is the main charge carrier of both isotonicand hypotonic-induced currents. While the early instantaneous current displayed slight outwardly rectifying (LM and FN) or linear (NM) properties in isotonic conditions, late current for cells plated on FN and LM showed clear signs of inward rectification at potentials Նϩ70 mV, an observation consistent with time-and voltage-dependent inactivation. Both the instantaneous (Fig. 4A) and late (Fig. 4B ) currents were larger in cells plated on FN or LM; for example, at ϩ100 mV, late outward current was 3.8-fold and 8.8-fold larger in cells grown on FN and LM, respectively, relative to those proliferating on NM (Fig. 4B ). Matrix proteins also had a profound influence on hypotonic-induced membrane currents. Both the early instantaneous (Fig. 4C) and late (Fig. 4D ) currents were similarly enhanced in cells plated on either FN or LM versus NM. For example, the late current in hypotonic solution was 75% greater on FN and 72% greater on LM compared with NM. Taken together, these results demonstrate that ECM proteins differentially stimulate a basal ionic conductance in isotonic conditions as well as a membrane current triggered by hypotonic medium.
To establish that the hypotonic-induced membrane current is indeed generated by VSOACs in C2C12 cells, we performed anion replacement experiments to confirm that Cl Ϫ is the main charge carrier and assessed whether matrix proteins alter the anion permeability sequence of the induced conductance. Figure 5 shows three typical experiments during which extracellular Cl Ϫ was sequentially replaced with I Ϫ and aspartate (Asp Ϫ ). All traces were recorded in the steady state after at least 15 min of exposure to hypotonic medium. A 5 s, voltage ramp ranging from Ϫ100 to ϩ120 mV was used to elicit each trace as explained in MATERIALS AND METHODS. For all three groups of cells, partial replacement of external Cl Ϫ with I Ϫ led to a small leftward shift of the reversal potential and increase in slope conductance at positive potentials, observations consistent with the higher relative permeability of I Ϫ to Cl Ϫ of VSOACs. In contrast and also consistent with this hypothesis, cell exposure to the less permeant organic anion aspartate caused a positive shift in reversal potential and a reduced slope conductance in the entire voltage range analyzed. The relative permeability of external ions (X) with respect to Cl Ϫ (P X /P Cl ) was estimated by measuring the shifts in reversal potential of the current under bi-ionic conditions and calculated using the GoldmanHodgkin-Katz equation as outlined in MATERIALS AND METHODS. Mean data pooled from several experiments with cells grown under the three conditions revealed a relative permeability of Fig. 4 . Voltage dependence of membrane current recorded in isotonic and hypotonic conditions in C2C12 cells grown in the absence or presence of ECM proteins. A: mean current-voltage (I-V) relationships for the current measured at the beginning of steps ranging from Ϫ100 to ϩ120 mV from a holding potential of Ϫ40 mV (see description of Fig. 2 ) in cells exposed to isotonic medium (early isotonic) and plated on NM, FN, or LM. B: the same as A except that the current was measured at the end of the 500-ms steps (late isotonic; see Fig. 2) . C: the same as A except that the cells were exposed to hypotonic solution (early hypotonic). One-way ANOVA test revealed no significant differences between the means although the P value was just at the limit of significance (P ϭ 0.0518). D: the same as B except that the cells were exposed to hypotonic solution (late hypotonic). Note the enhancement of membrane current in isotonic and hypotonic solutions for cells grown on FN or LM vs. NM. Also, irrespective of the presence or absence of matrix proteins, all currents recorded in isotonic and hypotonic media reversed near the predicted equilibrium potential for Cl Ϫ (Ϸ0 mV). n, number of cells; *one-way ANOVA where P Ͻ 0.05; NS, not significant. I Ϫ or Asp Ϫ over Cl Ϫ that was statistically indistinguishable among the three groups (Fig. 6A) ; P X /P Cl were I Ϫ :Cl Ϫ :Asp Ϫ Х 1.3:1.0:0.75. The I Ϫ Ͼ Cl Ϫ Ͼ aspartate sequence is identical to the Eisenman "weak field strength" lyotrophic series and supports the idea that hypotonic-induced current is an anion current. We also analyzed the impact of ion replacement on the conductance of the hypotonic-induced current in the three conditions (Fig. 6B) . Linear regression was used to calculate the slope conductance in the negative (Ϫ100 to Ϫ50 mV) and positive range (ϩ20 to ϩ80 mV) of membrane potentials. As for P X /P Cl , the relative slope conductances of the current in the two voltage ranges measured in the presence of I Ϫ or Asp Ϫ relative to Cl Ϫ (G X /G Cl ) were also similar between the three conditions. While G I /G Cl was not significantly different from unity, G Asp /G Cl in both voltage ranges was significantly smaller than one supporting the concept that ion permeation was partially inhibited in the presence of aspartate.
VSOACs are very sensitive to block by the estrogen receptor modulator TMX (16) . We thus tested the effects of TMX on currents from C2C12 plated on different matrices and exposed to isotonic and hypotonic media. Figure 7 depicts experiments in which the effects of TMX were tested on hypotonic-induced currents recorded in C2C12 cells plated on FN. Figure 7A shows sample recordings, and measurements from these traces are reported on the corresponding graph below, which illustrates the time course of changes in magnitude of late current before and during the application of TMX. The inhibitor potently blocked the hypotonic-induced current. Figure 7B shows a graph illustrating mean Ϯ SE percent block by TMX of late current recorded in hypotonic solution in cells plated on NM, FN, or LM. TMX produced over 96% block of late current in hypotonic solution in cells grown on any of the matrices. Taken together, these data support the notion that matrix proteins exert a profound influence on the properties of a membrane current resembling the volume-regulated chloride channel described in many cell types.
Role of ␤ 1 -integrin in the regulation of VSOACs. One hypothesis to explain the influence of matrix proteins on VSOACs is that C2C12 cells plated on FN or LM trigger integrin signaling, which somehow regulates the activity and/or expression of VSOACs. Heterodimeric associations of ␤ 1 -integrin with multiple ␣-integrins provide the molecular basis of the predominant receptors for the extracellular matrix proteins laminin, collagen, and RGD-containing proteins such as fibronectin. ␣ 5 ␤ 1 and ␣ 7 ␤ 1 are the major integrin receptors for fibronectin and laminin (24) , respectively, in muscle and both are highly expressed in C2C12 cells (see Fig. 1D above) . We used an shRNAi strategy to induce a selective knockdown (KD) of ␤ 1 -integrin in C2C12 cells and to assess whether this intervention altered VSOACs in cells plated on FN. Lentiviral particles containing four independent target sequences specific to ␤ 1 -integrin were used to transiently infect C2C12 cells. After screening for ␤ 1 -integrin KD by immunoblot analysis (data not shown), two of the ␤ 1 -integrin lentiviral constructs and one nontarget construct were used to generate and clone stable independent KD and nontarget cell lines. Figure 8 is a representative immunoblot probed with an antibody specific to ␤ 1 -integrin. It identified a band at Ϸ130 kDa consistent with ␤ 1 -integrin and several lower-molecular-weight bands. In the lentiviral-infected stable cell lines (B-7, C-9, and nontarget), two lower-molecular-weight bands, unrelated to ␤ 1 -integrin For all traces, membrane current was elicited by 5-s voltage-ramp protocols ranging from Ϫ100 to ϩ120 mV (44 mV/s) and imposed at a rate of 1 ramp every 10 s. In each panel, the three traces were obtained in the same cell after a sequential equimolar replacement of NaCl (solid line labeled Cl Ϫ ) with NaI (dotted line labeled I Ϫ ) and then with Na-aspartate (dashed line labeled Asp Ϫ ). Note the small but significant negative shift in reversal potential when external chloride is replaced with iodide, and the large positive shift in reversal potential when the solution is switched to the one containing Na-aspartate.
degradation (see nontarget control, Fig. 8A, lane 3) , increased in intensity. Lane 1 in Fig. 8A illustrates the expression level of ␤ 1 -integrin in C2C12 cells (100%); lane 2, cell line C-9 (Ͻ1%), lane 3, a nontarget cell line (Ϸ100%), and lane 4, cell line B-7 (Ϸ 5%). Figure 8 , B and C, respectively shows I-V relationships of membrane currents recorded in isotonic and hypotonic conditions in wild-type (WT) C2C12 cells, a nontarget cell line (NT) or in the two ␤ 1 -integrin KD cell lines. For both the B-7 and C-9 cell lines, the basal Cl Ϫ current in isotonic solution was not significantly different from WT cells (Fig. 8B) although a clear tendency for the C-9 cell line (99% KD of ␤ 1 -integrin) to exhibit a smaller current is notable. The VSOAC current activated by hypotonic solution was attenuated by a little more than 60% at all voltages in the B-7 cell line, and by Ͼ87% in the C-9 cell line (P Ͻ 0.001). No significant changes were observed in the NT cells when compared with C2C12 cells (Fig. 8, B and C) . These experiments demonstrate that integrins play an integral role in the activation of VSOACs in C2C12 cells.
DISCUSSION
Various classes of integrins have been shown to regulate a number of ion channels including human ether-a-go-go-related gene (hERG) K ϩ channels (13), large-conductance Ca 2ϩ -dependent K ϩ channels (17, 34), L-type Ca 2ϩ channels (31, 33), stretch-activated nonselective cation (10, 26) , and Cl Ϫ channels (5-7) (for a recent review, see Ref. 1). There is also evidence for activation of ␤ 1 -integrin caused by the opening of the voltage-gated K ϩ channel Kv1.3 in response to membrane depolarization in human T lymphocytes (19) . Most of the above studies examined the effects of various acute interventions designed to alter key signaling components involved in integrin activation. Similar to the study by Hofmann et al. (13) on hERG in FLG 29.1 cells, a human leukemic preosteoclastic cell line, we first investigated whether VSOACs in C2C12 murine myoblast cells would be influenced by having the cells adhere on fibronectin or laminin, the major ligands for ␣ 5 ␤ 1 -and ␣ 7 ␤ 1 -integrins, respectively. Our data showed that compared with cells plated on glass coverslips with no matrix (NM), cells cultured on FN or LM displayed a basal anion conductance in isosmotic condition that shared many properties to those of VSOACs evoked by cell exposure to hypotonic solution. Cell adhesion to FN and LM triggered structural reorganizations consistent with activation of integrins manifested by the appearance of organized focal adhesions (on FN and LM) and the formation of thick stress fibers (on LM). The hypotonic-induced VSOAC current recorded from cells plated on FN or LM displayed an earlier onset and was larger after reaching a steady state than that registered from cells growing on NM. Specific genetic knockdown of ␤ 1 -integrin in cells plated on FN suppressed both the basal Cl Ϫ conductance recorded in isotonic solution as well as the VSOAC elicited by Fig. 5 were computed to determine PI/PCl and PAsp/PCl using the proper form of the Goldman-Hodgkin-Katz equation under bi-ionic conditions as described in MATERIALS AND METHODS. There were no significant differences for PI/PCl and PAsp/PCl of the VSOAC current between the cells plated on the three different substrates; n, number of cells. B: the relative slope conductance over two ranges of membrane potential for iodide over chloride (GI/GCl) and aspartate over chloride (GAsp/GCl) of VSOAC currents was measured in cells plated with NM, FN, or LM and plotted in the bar graphs shown in a and b, respectively. There were no significant differences for GI/GCl and GAsp/GCl of the VSOAC current between the cells plated on the three different substrates. There were no significant differences noted between the means within each group of data; n, number of cells.
hyposmotic solution. These results support the concept that integrins are an essential component of the signaling pathway triggering the activation of the volume-regulated chloride conductance in C2C12 myoblast cells. . Note that lane 4 is a nonadjacent lane of the same blot. B: mean I-V relationships for the current measured at the end of steps ranging from Ϫ100 to ϩ120 mV from a holding potential of Ϫ40 mV (see description of Fig. 4 ) in WT, nontarget (NT), ␤1-KD B-7, and ␤1-KD C-9 C2C12 (on FN), exposed to isotonic medium (late isotonic); n, number of cells. C: identical cells from B analyzed after exposure to hypotonic solution. *One-way ANOVA test revealed significant differences between the means with P Ͻ 0.05. Note the significant inhibition of both the basal anion and VSOAC currents in cell line C-9 in which 99% of ␤1-integrin protein was knocked down. n, Number of cells. Fig. 2 ). The timing of representative traces (shown above the graph) is labeled in the graph below with the symbol shown beside each trace. Measurements were made at the end of 500-ms steps to ϩ80 mV (one step every 10 s) from a holding potential of Ϫ40 mV. B: bar graph reporting the mean % block by 10 M tamoxifen of the VSOAC current at ϩ80 mV in cells plated on NM, FN, or LM. No significant differences were found between the means. n, Number of cells.
Extracellular matrix proteins stimulate Cl
Ϫ conductances in C2C12 cells. When C2C12 myoblasts are cultured on ECM, the nature of the ECM (FN or LM) is known to influence cell phenotype (25) . This is due in part to the expression of ECM-dependent integrin isoforms and to quantitative changes in focal adhesions. This response is clearly demonstrated in our studies by the pattern of ␤ 1 -integrin clustering and stress fiber formation in the presence versus the absence of ECM coating. It is at these ␤ 1 -integrin-containing focal adhesions that stress fibers are anchored and that signals are generated to regulate gene expression, cell motility, cell differentiation, and growth (2, 11, 18) . At focal adhesions, integrins are thought to serve as mechanotransducers. It is logical to assume that an integrin attached to the ECM and anchored to stress fibers in the cytoplasm will sense a larger mechanical force (such as the force generated by cell swelling) than an integrin that is not attached to the ECM (no opposing force). Therefore, we postulate a more efficient conversion of the mechanical force into a chemical signal as focal adhesions are established and connected to stress fibers. This model correlates nicely with our observations as follows. C2C12 cells plated on NM versus FN or LM had a progressive increase in focal adhesions and remodeling of stress fibers in cells (NM Ͻ FN ϽϽ LM). These "progressive" structural changes correlated well with the very small or sometimes inexistent basal Cl Ϫ conductance in cells grown on NM (Fig. 3Aa) , and the intermediate and large basal Cl Ϫ conductance seen in cells plated on FN and LM (Fig. 3 , Ba and Ca), respectively. Furthermore, this ECM-induced reorganization accelerated the time course of activation of the VSOAC current and increased the size of the maximally activated hypotonic-induced current to a similar degree, suggesting that the ECM-induced changes "primed" the volume sensing machinery leading to opening of the Cl Ϫ channel. Whether stimulation of ␣ 5 ␤ 1 -and ␣ 7 ␤ 1 -integrins by fibronectin and laminin converge to a common signaling pathway or are able to somehow cooperate synergistically in promoting the activation of the VSOAC will require additional experiments.
Nature of the Cl Ϫ conductances influenced by ECM proteins in C2C12 myoblasts. Are the anion conductances detected in isotonic and hypotonic media generated by the same channel? This cannot be answered unequivocally because the molecular identity encoding for the volume-sensitive Cl Ϫ conductance is still unresolved (12, 16) . However, the basal conductance and current elicited by hypotonic solution have several biophysical properties in common that allow us to at least propose that they may be the product of the same ion channel. With a symmetrical Cl Ϫ gradient, both currents reversed near the predicted Nernst potential of 0 mV, an observation consistent with Cl Ϫ being the main charge carrier. Ion replacement experiments showed an identical anion permeability sequence of I Ϫ Ͼ Cl Ϫ Ͼ aspartate Ϫ for currents recorded in isotonic or hypotonic conditions in cells plated on NM, FN, or LM, in accord with a low electric field ion selectivity profile or Eisenman's sequence I; the magnitude of the permeability (P I /P Cl and P Asp /P Cl ) conductance (G I /G Cl and G Asp /G Cl ) ratios of the Cl Ϫ currents recorded in all groups were not significantly different from each other. The fully activated instantaneous current measured in the different conditions displayed modest outward rectification. At potentials positive to Ϸϩ50 mV, currents inactivated in a time-and voltage-dependent manner, which led to appearance of a flattening of the I-V relationship (inward rectification) for the current measured at the end of the pulse. Finally, the VSOAC current induced by hypotonic solution in cells plated on NM, FN, or LM was similarly and potently blocked by the estrogen receptor antagonist tamoxifen, a commonly used organic inhibitor of volume-regulated Cl Ϫ channels (9, 12, 16, 20) . Although not systemically studied in detail, the basal conductance in cells plated on all three matrices was also sensitive to block by tamoxifen. Moreover, the over 97% block of the hypotonic-induced VSOAC current in all groups is consistent with the idea that the basal Cl Ϫ conductance apparent in isotonic condition is generated by the same channel since the amount block achieved by tamoxifen surpassed the blocking of hypotonic-induced current alone. Taken together, these results suggest that specific adherence of C2C12 myoblasts to matrix proteins may have shifted the set point for activation of VSOACs to a lower threshold or elevated the maximal response resulting in basal activation rather than by eliciting the expression of another basal anion conductance superimposed with a distinct VSOAC. This hypothesis is of course not in conflict with the possibility that matrix protein interactions with the cell membrane may have enhanced the expression, turnover rate, trafficking, and/or function of the pore-forming subunit or one of its regulators.
␤ 1 -Integrin is essential for activation of the basal Cl Ϫ and VSOAC conductances. Immunofluorescence and confocal imaging experiments showed that specific interactions of C2C12 cells with FN and LM promoted integrin clustering and in the case of LM, a potent stimulation of stress fiber biosynthesis. These changes were paralleled by induction of a basally activated Cl Ϫ conductance in isotonic medium and increased VSOAC activation profile. Using a lentivirus, a shRNAi gene KD strategy was used to downregulate ␤ 1 -integrin protein. The ␤ 1A -integrin isoform is the predominant isoform expressed in undifferentiated myoblasts (3, 4, 30) , and our immunoblot analysis revealed KD of a band at the appropriate molecular weight when compared with nontarget or uninfected C2C12 cells. Analysis of two independent "stable" KD cell lines containing different shRNAi constructs yielded a titrated inhibitory effect on the magnitude of the basal Cl Ϫ and VSOAC currents. In the B-7 cell line, KD had no effect on the basal Cl Ϫ current and partially inhibited the VSOAC current, while in C-9, both currents were strongly inhibited. In contrast, VSOAC or basal Cl Ϫ currents were not significantly different in a nontarget cell line relative to uninfected C2C12 cells. Some of the variation observed in B-7 and C-9 could be due to loss of suppression of ␤ 1 -integrin by the shRNAi constructs over time. In fact, recent immunoblot analysis conducted after all the patch-clamp analysis revealed a progressive increase in ␤ 1 -integrin expression (Ϸ20% of wild type, data not shown) in both B-7 and C-9 cell lines after repeated freeze-thaw cycles. Additionally, the large SE seen on the I-V plot (Fig. 8B) for cell line B-7 may indicate a mixed population of KD in this "stable" cell line. Stable ␤ 1 -KD cell lines are hard to maintain because in the absence of ␤ 1 -integrin it is difficult for cells to attach to tissue culture dishes. Regardless of the mechanisms involved in these differences, the fact that two distinct shRNAi sequences both inhibited the basal and VSOAC conductances strongly suggests that ␤ 1 -integrin is not just a mere regulator of channel function but is key for activation of VSOACs in C2C12 myoblasts.
Browe and Baumgarten (7) provided evidence for involvement of this integrin in the activation by stretch of an outwardly rectifying tamoxifen-sensitive Cl Ϫ current in rabbit ventricular myocytes. Paramagnetic beads coated with a ␤ 1 -integrin antibody were deposited on the cell surface and the beads were pulled upward by application of a constant magnetic field to stretch the membrane. Similar to VSOACs, inhibitors of FAK and c-Src blocked the stretch-activated Cl Ϫ current. A subsequent study from the same group showed that activation of this current occurred through an autocrine mechanism whereby stretch would elicit the endogenous release of AII, which would bind to the AT 1 R subclass and trigger a cascade of biochemical events leading to stimulation of sarcolemmal NADPH oxidase, production of reactive oxygen species (ROS), and ultimately activation of the stretch-activated Cl Ϫ current (5). More recently, these investigators reported that the AII-ROS signaling pathway was also involved in activation of VSOACs in rabbit cardiac myocytes (23) , providing support to the proposal that VSOACs and the ␤ 1D -integrin-stretch-activated Cl Ϫ current are probably generated by the same channel. Whether the ␤ 1 -integrin is absolutely required for activation of the Cl Ϫ channels in the heart is unknown. In our hands (data not shown) and in contrast to the above studies, H 2 O 2 in the range of 100 to 500 M failed to elicit a VSOAC current in C2C12 cells bathed in isotonic solution, which suggests that the downstream signaling events are different.
The mechanism of activation of the volume-stimulated osmolyte and anion channel is still unknown and this is to a large extent due to the lack of knowledge of the molecular identity of the pore-forming subunit of this channel (12, 16) . However, studies performed by Walsh and Zhang (32) have shown that the magnitude and kinetics of VSOAC (I Cl, swell ) activation in rat neonatal ventricular myocytes is regulated by FAK and Src. FAK phosphorylation and activity are directly linked to integrin activation and extracellular matrix composition. In C2C12 cells, integrin signaling at focal adhesions is known to be mediated by ␤ 1 -integrin; however, which signaling cascade(s) is/are activated upon stimulation is modulated by the ␣-integrin subunits to which it is bound (25) . Therefore, in the future it will be critical to determine whether the actions of ␣ 5 ␤ 1 (FN receptor)-and ␣ 7 ␤ 1 (LM receptor)-integrins, both of which are expressed in C2C12 cells, activate the same downstream signaling pathway(s) or whether these two integrins work via independent pathways in the regulation of VSOACs. Overall, our data showed that skeletal muscle myoblast cells grown on specific matrix proteins trigger substantial remodeling of focal adhesions and the cytoskeleton, altering the properties of a chloride channel that plays an important role in regulation of cell volume, apoptosis, cell differentiation, and growth (12, 15, 21) . Furthermore, ␤ 1 -integrin appears to be central to this process.
